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the present invention re,'. 

c electrode* ar..J hiosensors' incorpor^; such^ctrl^™^ 5 ^" ''""^ 

on also relates to novel compounds used 'in the c »e-od-* ^ comhi ™'™> i» «>* det.-.iU.n ofan,!.- - -p.- 
for use .„ attaching a membrane including a pluralitv'or ir?n«K ^ eom},,f: -" irt '» The<e B ,n«| cmp^-d". mcludeVlink! 

k J h > dr0ph,1,c region intermediate said hvdrorhoh Z" r ,t?„ ^ ^ - r ° Up ,rt 2!, - K ' h ,hc m-'lecule an ,1,,- 
3Ched '° h ^rophobic region at a ,i«e remolc fro'm f ! h^oph" r u ><*™" group, and a P „.,.. , ;ad gf .»u ' . 



I 



Best Available Copy 

WO 94/07593 PCT/AU93/ 00509 

1 

•Improved Sensor Maabrascs" 

f^eld of r.he Invention 

The present invention relates to electrode 
membrane combina tions for use in ion selective 
5 electrodes and biosensors. In addition, the present. 

invention relates to methods for the production of such 
electrode membrane combinations and the use of ion 
selective electrodes and biosensors incorporating such 
electrode membrane combinations in the detection of 
10 analytes . The present invention also relates to novel 
compounds used in the electrode membrane combinations, 
g ^ckoround of the Invention 

Lipid bilayer membranes (also knovm as black lipid 
membranes - ELM's) are -w^li in th-> /s-eloo' ical and 

15 chemical fields. The ability of ionophores to modulate 
the ion flux through these membranes is also veil knovm. 
Modulation of the ion flux of the membrane in response 
to specific molecules is also known, especially in the 
biochemical fields. The lipid bilayer membranes are 
20 however extremely fragile and sensitive to non-specific 
physical and chemical interference. The preparation and 
properti*- " : r ~V".* T .'> are £ul\y ::-:?-r-r: *:-r ir t ?oks 
and 1\- v::ture articles. 

It has been known since 19 67 that ionophores 
25 incorporate into lipid bilayers (P. Mueller et al, 

Biochem. Biophys . Res Commun . , 25 (1967) 298; A. A. Lev 
et al Tsitologiya, 9 (1967) 102;) in BLM's and that the 
selective ion flux through the membrane could thus be 
monitored. Possibility of producing a lipid bilayer 
30 containing ionophores on an ionic hydrogel reservoir and 
using such as an ion selective electrode has also been 
suggests- (U.J. Krull et al, US Patent No 4,661,235, 
Apr. 2S, 1937), however no means of obtaining 
reproducible and stable bilayer membranes have been 
35 taught in the art. Using a Langmuir-Blogett bilayer and 
multilayer approach (T.L. Fare et al Powder Technology, 
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3, (1991), 51-52; A. Gilardoni et al, Colloids and 
Surfaces, 68, ( 1952), 235-242) has beer, attempted 
however the ion selectivity was inadequate and the 
xesponse time was too slow for practical purposes, 
stability was not adequate and the LB technique is 
generally considered to be too difficult for industrial 
applications . 

ionophore.- in the context of the present invention 
are any of the naturally occurring lipophilic bilayer 
membrane compatible ion caxriers such as valinomycin, 
nonactin, methyl monensin or other naturally occurring 
ion carriers, or synthetic ionophores such as lipophilic 
coronands, cryptands or podands, or lev molecular weight 
(<5000 g/mel) naturally c- :;r aytl ^ MtLs ±cn 
channels such as gramicidin, alamethicin, mellitin or 
their derivatives. Additionally triaikylated amines or 
carboxylic acids -u~h as phytic acid may serve as proton 

Ion channels may also include large, lip;. : . 
membrane compatible, protein ion channels, -^--iaily 
where their function and stability is enhanced through 
their incor?o.r?.f>?. into lipid biiav- r~ - r *= 
essentially free of extraneous alkane mac-rial. 

In the broad context of the present invention 
lipids are deemed to be any amphiphilic molecules, 
either naturally occurring or synthetic, containing a 
hydrophobic hydrocarbon group and a hydrophilic head 
group . 

Biosensors and ion selective electrodes 
incorporating gated ionophores in lipid membrane 
combinations have been disclosed in International Patent 
Application Nos PCT/AU88/00273 , PCT/AU89/00352 , 
PCT/AU90/00025 and PCT/AU9 2/00132 . The disclosure of 
each of these references is incorporated herein by 
"33 reference. 
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As is disclosed in thpqp -.-^r^ -■ ...... . , 

T-ne&e cippj.j.uat ior.3 , suitably 

modified receptor molecules ir.av 

U1B5 I " e > ~- cducea z-o co-disperse 

with amphiphilic molecules and nvnM.,~ ' " * 

c ^ Aes ana produce membranes with 

altered surface binding properties which are- useful L- 
the production of biosensor receptor surfaces of hig^i " 
binding ability and high binding specificities. it is 
also disclosed that ionophores such as polypeptide 
ionophores may be co-dispersed with amphiphilic 
molecules, thereby forming membranes with' altered 
properties in relation to the permeability cf ions. 
There is also disclosure of various methods of dating 
these ion channels such that in response to the binding 
of an analyts the conductivity of the membrane i« 
altered. The appl :.ons also disci-..:.- r.-lh.-, of 
producing membranes with improved stability and ion flux 
usxng chemisorbed arrays of amphiphilic molecules 

attached to an electrode surfaro = ^ _ - 

^ surrace and msans of producinci 

lipid membr, ;....3 incorporating ionophor- 
chemisorbed amphiphilic molecules a— H • . f - , 
of co-dispersing ion selective ionophores with 
amphiphilic molecules thereby producing ion selective 

membrane combination" - 

Th - P resent ir.va.icor* hava now determined i^rov-i 
means of increasing the stability and ion flux 
properties of the lipid membranes through the use of 
novel synthetic lipids and lipid combinations, and novel 
means of membrane assembly. 

in various embodiments the present invention 
consists in the use of novel bilayer membrane spanning 
lipids and bilayer lipids iind methods of assembly 
thereof, in order to modulate the properties of the 
lipid sensor membrane so as to control the ion transport 
properties of the ionophore, the thickness and fluidity 
of the membrane, the stability of the membrane, the 
response to serum, plasma or blood, and the non-specific 
absorption of proteins to the membrane. 
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Sufumary o l ; - \ ^'_' rr < .r riz ion 

In a first aspect., the present invention cons is t.- 
in a linker lipid ior use in attaching a membrane 
including a plurality of ionophores to ar. electrode and 
providing a space between the membrane and the electrode 
in which the membrane is either in part or totally made 
up of the linker lipid, the linker lipid comprising 
within the same molecule a hydrophobic region capable of 
spanning the membrane, an attachment group used to 
attach the molecule to an electrode surface, a 
hydrophilic region intermediate said hydrophobic region 
and the attachment group, and a polar head group region 
attached to the hydrophobic region at a site remote from 
che hydrophilic region. 

In a preferred embodiment of the present 
invention', the head group region is selected from the 
" rou ? consisting of groups normally associated with 
naturally occurxing or synthetic iip.^.s such as 
glycerol, phosrrV. . \ ■. .:yl choline, phosphatidyl 
ethanolamine, mono-, di- or tri-methylated phosphatidyl 
ethanolamine, phosphatidic acid, phosphatidyl sirine, 
phosphatidyl glycerol, phosphatidv.l inositol, 
disubsiitutsd head groups as found in cardiolipins , 
ganglioside head groups, sphingomyelin head groups, 
plasmalogen head groups, glycosyl, galactosyl, 
digalactosyl, sulfosugar, phosphosugar , N-acetyl 
neuramic acid, sialic acid, aminosugar head groups, 
carbohydrate head groups, gal ( beta 1-3 ) galNAc ( betal- 
4) [NAcNeu(alpha2-3]gal(betal-4)glc-ceramide, oligomers 
of ethylene glycol, ethylene glycol, oligomers of 
propylene glycol, propylene glycol, amino acids, 
oligomers of amino acids, combinations of oligomers of 
ethylene glycol or propylene glyco f unc t ional ised with 
amino acids or other ionic species or any combination or 
35 derivative of the above. 
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It as generally preferred that the head group is a 
naturally occurring or- synthetic head gr3up that can be 
used to minimise the non-specific binding of "'proteins 
onto the surface of the membrane. 
5 In a further preferred embodiment of the present 

invention, in order to provide surface characteristics . 
that minimise the non-specific binding of proteins, it 
is preferred that the head group is a polyethylene 
glycol ranging in molecular weight of between 600-6000 
10 g/mol. 

In a further preferred embodiment, the head group 
is a phosphatidyl choline group. 

In a further preferred embodiment, the head group 

is a glycerol her.:': ■ — r\v;. 

In a further preferred embodiment, the head group 
xs a biotin or a biotinylated 6-aminocaproic acid group 
or an N-biotinylated oligomer of 6---ir.?ca":.:oic acid. 

in a further preferred embodiment , the h*ad group 
is a Gal(betal-3)galNAc(betal-4)[NAcNeu ( alpha2- 
3jgal(betal-4-Glc-ceramide head group. 

In a further preferred embodiment, of the present 
invention it is preferred that the he-.' ln » 

capable cf being used to coval-ntly link* a procein 
molecule onto the linker i ipid . The protein Ki0lecule 
may be either a receptor such as an antibody or an 
antibody fragment or may be an enzyme or may be a 
protein molecule chosen in order to impart biocompatible 
properties to the membrane. 

It is further preferred that the head group is 
terminated in a carboxylic acid group capable of being 
used to conjugate the linker lipid with a protein 
molecule via the amine groups on the protein. 

It is further preferred that the head group is a 
polyethylene glycol ir. the molecular weight range 
400-1000g/mol terminated in a carboxylic acid group. 
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in a further preferred embodiment, the head grouo 
13 3 9r ° UP Capabl ° of bai "5 covalantly l inicBd vitlh fl * 
procein molecule via the aldehyde groups generated from 

the oxidation of carbohydrate grcucs M t-Vo . 

bi-^i-s cn the protein 

molecule. 

in a further preferred embodiment, the head group 
is a hydrazide derivative. 

In a further preferred embodiment, the. head group 
" 3 P^thylene glycol terminated in a carboxy 
hydrazide derivative. 

in a further preferred embodiment, the head grouo 
" 3 9rou P capable of being covalently linked -o a 
protein molecule via free thiol groups on th- p r0 t-i^ 
molecule. 

It is further preferred that the head group is a 
maleimide derivative . 

In a further preferred embodiment, the head gro- 
13 3 9rOUp Capable of ^ing covalently coupled to a 
carboxylic acid group on a protein molecule. 

It is preferred that the hydrophobic gr«, has the 
general structure as shown in Figure 1 where the group 

(X) xs a hydroce.r.bc-. c^<r> that -■ c 

J ■ '• tnac -l. s appro x i ':. ■• * *~ ■ • - 

the length of the group (Y). " ' 

It is preferred that the croup {X , will generally 
be between 10-22 carbons in length and may be a 
saturated, unsaturated or polyunsaturated hydrocarbon 
or may be an alkyl substituted hydrocarbon such as the 
.pnytanyl group or other mono- or permethylated 
hydrocarbon chain. 

It is further preferred that the group (X , is a 
phytanyl group. 

In a preferred embodiment of the present 
invention, the group (Y) in Figure , - s a single 
hydrocarbon group of length between 20-o0 A long. 

In a further preferred embodiment the group (Y) 
consists in a single chain group that is between . 20-60 A 
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long and contains within the chain a rigid 3pacer gr0ap 
such as biphenyl ethsr or biphar.yiar-.ine c - 
biphenyl compound. The rigid" spacer group serves the 
function of making the synthesis of the groi;p simpler as 
5 it easily enables the coupling of two smaller aikyl 
chains onto the rigid spacer group, enabling long 
sections of the group ( Y) to be synthesised readily. 
The rigid spacer group also enhances the ability of the 
linker lipid to assume the membrane spanninq 
conformation of the linker lipid as opposa/to an U- 
shaped conformation within the membrane. 

In a further preferred embodiment, the group (Y) 
is a single chain group that is hotveer. 30-50 A long ar.d 
contains within the chain a M,K'-3lkvl = r .-. 
15 biphenyl amine group. 

In a further preferred embodiment, the group (Y) 
is a single chain >-oup that is between 30-50 A long and 
-ontains within the chsin e 4 , 4 ' -biphenyl ether group. 
In a further preferred- embodiment , the jroup (Y) 
20 is a bis-hexadecyl 4 , 4 ' -biphenyl ether. 

In a further preferred embodiment, the group (Y) 
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In a further preferred i-ibodiment , the gr;:v-;. ?Y) 
is a bis-dodecyl 4 , 4 '-biphenyl ether. 

In a further preferred embodiment, the grcup (Y) 
is a single chain group that is between 20-60 A long and 
contains within the chain an alkyl substituted amine. 

In a further preferred embodiment, the group (Y) 
consist in a single chain group that is between 20-60 A 
long and contains within the chain a bis-aikylated 
pentaerythritol group. 

In a further preferred embodiment of the present 
invention, the membrane spanning li pid is a single chain 
lipid in which the group (X) in Figure 1 is absent. 

In a further preferred embodiment, the group (Y) 
contains groups that can alter their conformation in 
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response to an external stimulus such as light, P K, 
redox chemistry or electric field. ^h.-> c jj,..., .• 
conformation within the group (Y) will allow ths 
properties of the membrane such as thickness- to be 
controlled through such external stimulus. This c— in 
turn be used to modulate the conduction of ion channels 
through modulation of the on/off times of the channels 
and the diffusion of the channels. 

In a preferred embodiment, where the group (Y) 
alters its conformation in response to light stimulus, 
the group (Y) contains a 4,4'- or 3 , 3 • -disubstituted 
•s^obenzene. 

In a further preferred embodiment the -Troup (Y) 

■-on r.a ir.s a grout) that •m^n = - = 

equilibrium in response to light stimulus. 

In a further preferred embodiment of the present 
invention, the hydrophobic region of the linker lioid 
exists of oligomers of ; -ng chain amino acids, sv.:\ 
11-aminoundecanoic acid, lb-aminohexadecanoic acid or 
other amino acid where the carbon chain is preferably 

bet '""~ ; '■ - 70 carbons lon 9, and where the amino acids are 
linked via amide linkages. 

2 " L * prafarred that the amide qcouos ar» 

tertiary, alkyl substituted amide groups, where the 
alkyl groups are phytanyl groups or saturated or 
unsaturated alkyl groups between 1-18 carbons in length. 

The nature of the hydrophilic group, the 
attachment group and the electrode are as described in 
PCT/AU92/00132 . 

As is set out in this earlier application it is 
preferred that the attachment region of the linker lipid 
is attached to the electrode surface by chemisorption . 
In a situation where the electrode is formed of a' 
transition metal such as gold, platinum, palladium or 
-silver, it is preferred that the attachment region 
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includes thiol, disulphide, sulphide, thione, xa ^hnte ; 
phosphine or isonitrile groups. 

In further preferred embodiment the electrode y-> 
formed of gold, silver, platinum c. palladium an:: 
attachment region includes either * thiol or a disv.: : : *e 
group, the linker lipid being attached to the electrod"? 
by chemisorption. 

In an alternate embodiment where the electrcd-j is 
formed such that a hydroxylated surface is formed on the 
electrode, it is preferred that the attachment region 
includes silyl groups such as silyi-alkoxy or silyl 
chloride groups. The hydroxylated electrode surface may 
be a prepared by a number of techniques known to s:.-eor.e 
skilled in ti:j art and may co:...ii oxidi -d silicc-., 

or oxidised metals such as tin, platinum, iridium. 

In yet a further preferred erbodiment the 
electron is formed of oxidized silicon, tin, plr.-.inum 
or iridium and the attachment region includes silyl 
groups, the linker lipid being attached to the electv.;.;.e 
by covalent attachment. 

The hydrophilic region of the linker lipid is 
preferably :: Lcr.j jr.;i:.r\ hy -.hiii.j — .t.do--.- ~- ■ 
h-.-: : .--philic region of the . - 3r lipid may be composed 
of oligc/poly ethers, oligo/po.y peptides, oligo/poly 
amides, oligo/poly amines, oligo/poly esters, oligo/poly 
saccharides, polyols, multiple- charged groups (positive 
and/or negative), electroaccive species or combinations 
thereof. The main requirement of the hydrophilic region 
of the linker lipid is that it allows the diffusion cf 
ions through the ionophores provided in the membrane. 
This is achieved by the placement of suitable ion ar.JVor 
water binding sites along or withi- the length of zr.- 
long chain that makes up the reservoir region. 

In a preferred embodiment of the invention th~ 
35 hydrophilic region consists of an o 1 igoethy lene o;-: : .:i. 
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group. The oligoathylene oxide group Tray consist oi 
four to twenty -athyiene o:--.ide units. 

In a further preferred embodiment the hydrophilic 
region consists of a subur.it of tetraethyions alycoi 
attached to succinic acid. This tetraethyiene 
glycol/succinic acid subunit may be repeated 1-4 times. 

In a further preferred embodiment the hydrophobic 
region of a proportion of the linker lipids have 
covalently attached thereto an ionophore via a 
hydrophobic spacer. 

As set out above the molecule having a hydrophobic 
region as shown in Fig. 1 incorporating a rigid spacer 
group provides a number of advantages. This hydrophobic 
region can, nt cnv-.r--?, be synthesized s?^r?.:fjlv frc~ 
the hydrophilic region, attachment region, and polar 
head group region. This hydrophobic region, or 
synthetic lipid, is believed to be new in its own rirh. 
and can be included in bilayer membranes as a membrane- 
spanning lipid to improve various characteristics of 
membrane, such as stability. 

Accordingly, in a second aspect the present 
invention cr.-r.z5 r.n o svr. then \c lir>;.~\ for use in 
bilayer membranes, the synthetic lipid having a 
structure as shown in Figure 1 in which- Y is a single 
chain group that is between 20 and 60A long and contains 
a rigid spacer group and X are hydrocarbon chains 
approximately half the length of Y or are absent. 

It is preferred that the group (X) will generally 
be between 10-22 carbons in length and may be a 
saturated, unsaturated or polyunsaturated hydrocarbon, 
or may be an alkyl substituted hydrocarbon such as the 
phytanyl group or other mono- or permethylated 
hydrocarbon chain. 

. It is further preferred that the group (X) is a 
phytanyl group. 
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In a further preferred embodiment the rigid spacer 
group is a biphenyl ether or t ivhenyiarnine or other 
biphenyl compound. 

In a further preferred embodiment, the group (Y) 
* is a single chain group that is between 30-50 A long and 
contains within the chain a N,N'-alkyl substituted 4,4'- 
biphenyl amine group. 

In a further preferred embodiment, the grouo (Y) 
is a single chain group that is between 30-50 A long and 
contains within the chair, a 4 , 4 ' -biphaayl ether group/ 

In a further preferred embodiment, . the group (Y) 
is a bis-hexadecyl 4 , 4 ' -biphenyl ether."" 

In a further preferred embodiment, the grouo (Y) 
a bi«-t*tradscyl 4 , ^ ' -h-.j.hor.yl other. 

In a further preferred embodiment, the group (Y) 
is a bis-dodecyl 4 , 4 ' -biphenyl ether. 

In a further preferred embodiment, the group (Y) 
is a single chain group that is between 7." ■ • ■ \ ■ , ng and 
contains within the chain an alkyl substituted amine. 

In a further preferred embodiment, the group (Y) 
consist in a single chair. grcv. r that is between 20-60 A 
long and conn->,3 vvr^.n th- chain a bi s- a; Iky la 
pentaerythritol group. 

In a further preferred embodiment of the present 
25 invention X in Figure 1 is absent. 

In a further preferred embodiment the synthetic 
lipid includes a head group. Preferred head groups are 
those listed in the first aspect of the present 
invention . 

The present inventors have determined that the 
linker lipids described in the first aspect of the 
present invention as well as the linker molecules 
described in PCT/AU92/00132 , where the attachment grouo 
is a thiol and the hydrophobic region is a single 
hydrocarbon chain, or where the attachment group is a 
thiol or disulfide group and the hydrophobic region is 
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made up of two hydrocarbon chains, than, when these 
linker lipids are adsorbed onto a freshly prepared '.noble 
metal electrode a close packed monolayer membrane is 
formed that decs not permit the ionophcre to easily 
penetrate into the membrane, hence restricting the ion 
flux through the membrane. If electrode surfaces are 
used that are contaminated then the adventitious 
introduction of defect sites, where the chemisorption of 
the sulfur containing groups does not occur, will allow 
ior.ophores to penetrate into the monolayer. 
Contamination of the surface of a gold electrode can 
occur by adsorption of contaminants from air over a 
period of minutes to hours and results in electrode 
surfaces that can suffer from poor re-?ro^.".cibi.iitv r-i 
stability. The present inventors have devised a more 
controlled method of producing membranes with the 
required spacing between the linker molecules, while 

still retaining tr.D •:•:!•• :. • reproducible 

attachment of the hydrcphilic molecules onto the 
electrode surface during the deposition o* the fi^s- 
l^yer. 

In the p-rlor ?.rt .it has always beer, h--. 1 - :--ed 
necessary that cr. forr.ir.rr a second lipid laysr onto 
coated electrodes an apolar containment vessel is 
required in order to obtain sealed bilayer membranes on 
solid substrates. Additionally, the prior art teaches 
that an alkane co-solvent such as decane, dodecane, 
tetradecane or hexadecane is beneficial in the formation 
of highly insulating lipid membranes. The present 
inventors have now determined means whereby it is 
possible to form insulating lipid bilayer membranes with 
a minimal amount or no alkane co-solvent and without the 
need for an apolar containment vessel. The inventors 
believe this to be beneficial for control of non- 
specific serum effects, stability, ion conduction and 
possibly to reduce non-specific binding of analyte 
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moleculej to the containment vessel. Incorporation of 
ioncphor-2 in-.o tha tilayar ner.brc:;v allows the icn fl-. 
through the neinbrar.i to be modulated copending 'on the 
nature of tha ionrrphore • as taught in *■.;-.« prior art. 
Additionally, the present inventors hava determined 
means whereby it is possible to reduce the interference 
caused by the presence of serum or plasma on the lipid 
membrane by using lipid combinations that reduce the 
effect of non-specific ionophore gating effects. 

Accordingly, in a third aspect, the present 
invention consists in a method of producing an Vlectrod 
membrane combination comprising the steos of :- 
11} Forming a solution containing reservoir liDids 

cor.prisir.--r v : <-hirt th- --lo-uie an atti.=h--nt 

region, a hydrophilic region, a hydrophobic 
regions, and optionally a head group; and spacer 
compounds comprising within the sane molecule a 
hydrophilic group and an attachment group; 
contacting the electrode with the solution from 
step (1), the composition of the electrode and the 
attachment regions being selected such- that the 
attaclnsat r-n\on~ ch -': - '• 

(3) rinsing tho electrode; 

(4.) contacting the coated electrode from step (3) with 
a solution of lipid and ionophore in a carrier 
solvent containing less than 2% of an alkane such 
as decane, dodecane, tetradecane or hexadecane; 
and 

(5) adding an aqueous solution to the electrode from 
- -50 step ( 4 ) . 

The hydrophobic region of the reservoir lipid may 
be either half or full membrane spanning. 
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In a preferred embodiment , -..lie r-sossrvuir iioid 
2 3-{20'-oxo-19 '-oxaeicosa-( 2) -9 '-one) -7 0-phenyl- 
20,25, 28,42, 45-pentaoxo-24aza- 

lS,2 9,32,35,3S,41,46,47,52,55-dseaoxa-5S,5 3- 
dithioahexaconta- ( Z ) -9-ene as described in 
PCT/AU92/00132, referred to hereafter as "linker A 1 
reservoir phytanyl lipid (B) as shown in Fig. 7 or 
reservoir phytanyl lipid (C) as shown in Fig. 3. 

In a preferred embodiment, the spacer molecule is 
a low molecular weight molecule containing within the 
same structure a thio or disulfide group and one or more 
hydroxy 1 or carboxylic acid groups. 

In a preferred embodiment , the spacer molecule is 
bis ( 2 -hydroxys thy I ) disulf id.3 cr 2 : - - z u z 2 t h a r. o 1 . 

In a preferred embodiment, the solution of step 1 
contains a mixture of linker A, membrane spanning 
reservoir lipids and b\3-(2-hydxoxyethyl) disulfide. 

In a prefer-- ■! embodiment, the solution of step 1 
contains a mixture of linker A, membrane spanning 
reservoir lipids and bis- ( 2-hydroxyethyl ) disulfide in a 
ratio of 2:1:3. 

In a preferred : . _ ... -, olecule ; , 

mercaptoacetic acid, the disulfide of mercapto acetic 
acid, mercaptoprcpionic acid or the disulfide of 
mercaptopropionic acid, 3-mercapto-l , 2-propanedio or the 
disulfide of 3-mercapto-l , 2-prooanediol . 

In a further preferred embodiment the hydrophobic 
region of a proportion of the reservoir lipids have 
covalently attached thereto an ionophore via a 
hydrophobic spacer. 

In a preferred embodiment of the present 
invention, the lipid and ionophore solution contains no 
alkane such as decane, dodecane, tetradecane or 
hexadecane . 

In a further preferred embodiment the reservoir 
lipid includes a head group. Preferred head groups are 
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those listed in the first aspect of the -©resent 
invention . 

In a further preferred embodiment of the present 
invention th- lipid in step (4) is glycerol monophytanyl 
ether. 

In a preferred embodiment of the present 
invention, the lipid is a mixture of glycerol 
monophytanyl ether and a lipid having a polyethylene 
glycol group of between 600-6000g/mol as a head group. 

In a further preferred embodiment, the lipid is a 
mixture of glycerol .monophytanyl ether and 1-3% of a 
•lipid having a polyethylene glycol head group. It is 
further preferred that the polyethylene glycol has a 
molecular v;eight in the rc-go or 6 00-3000g/mol . 

In a further preferred embodiment, the 
polyethylene glycol containing lipid comprises in the 
same molecule a phytanyl group attached to a succinate 
one end and a polyethylene glycol 2 00 0 atte:.:.- 
to the other end of the succinate. 

In a further preferred embodiment, the lipid is a 
mixture of glycerol monophytanyl o^ier and a lipid 
having a 7- : -;hatidyl choline l\::z:\ . 

In a further preferred embodiment, the lipid ij a 
mixture of glycerol monophytanyl ether and up to 20% of 
a lipid having a phosphatidyl' choline head group. 

In a further preferred embodiment, the lipid is a 
mixture of glycerol monophytanyl ether and up to 20% of 
a lipid having a phosphatidyl choline head group and up 
to 3% of a lipid having as a head group a polyethylene 
glycol of molecular weight between 600-3000g/mol . 

In a further preferred embodiment, the lipid is a 
mixture of glycerol monophytanyl ether and a lipid 
having a head group in which the head group is a 
Gal(betal-3)galNAc(betal-4 ) [NAcNeu)alpha2-3 ] gal (beta 1- 
35 4 )Glc-ceramide carbohydrate head group. 
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In yet a further preferred embodiment a plurality 
of ionophores are f uncticnaliiisd vi~h a darivativ-* c ? a 
low molecular weight analyte whose presence is to be 
detected. 

5 In this arrangement, the addition of an antibody 

or other receptor molecule will modulate the ion 
transport properties of the ionophore. This conductance 
modulation can then be detected using established 
impedance spectroscopy or other methods and could also 
It) be used to directly monitor the presence of antibodies 
or other receptors to the low molecular weight analyte. 
Addition of the test solution to the electrode membrane 
combination containing the ioncphcre/antibody or 
receptor comple:: :;ill le?.d to coirpetitivr binding ol th*= 
15 analyte to the antibody or receptor, thereby allowing 
the ionophore to again diffuse freely through the 
iT.--2-..\bran« . The difference can be determined using 
technic,.3S such as impedance spectro^ ?y and can be 
used to determine the concentration of the analyte in 
20 the test solution. 

In th« alternative arrangement where a synthetic 
or low mol r :-z\\ weight receptor : ^tt^.r.br-- 1 . -t-. 
ior.r-pho re , the transport p;rc o-erties of the icncr^o 
will be directly modulated on complexat ion of the 
25 analyte of interest by the synthetic or low molecular 
weight receptor molecule. 

In yet a further preferred embodiment of the 
present invention the ionophore is capable of 
transporting an ion that is produced by the reaction of 
an enzyme with its substrate, said enzyme being either 
covalently or non-covalentiy attached- to the membrane 
surface. 

Addition of a solution containing the substrate 
will cause the enzyme to produce ionic species which 
will be transported by the Ionophore across the 
membrane, thus modulating the conductance properties of 
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the membrane, which will be related -to the amount cf 
substrata present in solution. 

In a preferred embodiment of the present, 
invention, the enzyme is a urease producing ammonium 
ions from the substrate urea. 

In the case where the enzyme is covalently 
attached to the membrane, it is preferred that the 
covalent attachment is via a proportion of the lipid 
molecules that are suitably f unctionalised for covalent 
attachment to proteins or by covalsr.t attachment to the 

..head group of the reservoir lipid including a head 

-group. 

Although the nature of the carrier solvent does 
not appesr critic- L it is preferred that the carrio; 
solvent is a solvent or solvent mixture wherein the 
lipid and ionophc — is soluble and viiich is preferably 
water soluble. Sui -ble solvents are conunor. - :ter 
miscible solvents such as e^ *l, dioxane, ir. .::a:vcj. or 
mixtures of these solvents. .uiticr. of sma; i amounts 
of non-water insoluble solvents such as die- oromethane 
■■■■ j also be included in the carrier solvent - -j •. ■• to 
sol'ibilise the li- - : -.id ionophore. 

In any of t.. • preferred embodiments o- -_;-. a third 
aspect of the pre-. - invention, the contain.. •. vessel 
may be a containmen.. vessel with polar sides. 

It is further preferred the containment 

vessel is made of material w_ .a hycrophilic surface. 

It is further preferred that the containment 
vessel is made of a material that minimises non-specific 
binding of proteins or has its surface modified in order 
to minimise protein adsorption on addition of the 
analyte sample to be tested. 

In the situation where the reservoir lioid 
contains within the same molecule a an unsymme tr ical 
disulfide group, where one of the sulfur atoms has a 
relatively small organic group attached to it, as the 
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attachment region and a single hydrocarbon chain as tho' 
hydrophobic group, the cross-sectional aroa of the 
disulfide group is larger than that of. the single 
hydrocarbon chain, hence a -smbrano with close oacJ.-»<l 
hydrocarbon groups dees not form on adsorption of the 
reservoir lipid, thus allowing penetration of ionophores 
into the adsorbed layer. Accordingly in such a 
situation it is not essential to use spacer molecules. 

As described in the third aspect of the present 
invention, it is possible -to produce- membrane layers 
that are impermeable towards ionophores. The present 
inventors have determined means whereby it is possible 
to produce membrane layers by chemisorption of suitable • 
linker lipids, including lipid, ir.e:nbrar.e spanning and 
ion channel containing linker -olecuies, onto an 
electrode surface such that tha conformation of the ion 
channel .and the lipids is controlled. The present 
inventors hav. .. .jo determined that the presence ox the 
membrane spanning linker lipids enhances the stability 
of the subsequent lipid bilayer formed, as well as 
controlling the thickness of the subsequent bilayer 
membrane. It : -. V-.r-- -•- the art that \ : : f. - 

hence r -.rr.cl i ion of c ; -'micidin ion channel.-, is 
controlled in part by the thickness of the bilayer 
ma-.brane. Thicker bilayer membranes shorten the 
lifetimes of the ion channel, thinner bilayers increase 
channel lifetimes. Hence, it is possible to control the 
lifetime of the ion channel by controlling the thickness 
of the bilayer through the use of membrane spanning 
lipids that have different lengths. 

The present inventors have also determined that 
the inclusion of membrane spanning lipid linker lipids 
that contain polar or bulky head groups decreases the 
amount of multilayer structure that is obtained in the 
absence of these lipids. 
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Furthermore, the inventors have d^-tfirrain^d thai 
the presence of a aolecuis having a lipid cr hydrophobic 
component in the solvent is beneficial in enabling" the 
ion channel to assume the -prouer cc^ r ^ — 0 _ ^_ 
adsorption on the electrode surface. Prior art 
membranes including ion channels are typically formed to- 
doping the formed membrane with ion channels. it is now- 
believed that such a technique results in a number of 
the ion channels being incorporated into the membrane in 
sta tes which are non-conducting. Where the channels are 
helical peptides this may be due to unravelling of the 
helix, intermeshing of a number of the ion channels to 
form non-conducting helices, or that the longitudinal 
axis through the helical peptide is substantiallv 
parallel to the plane of the membrane and is thus unable 
to facilitate the transport of ions across the membrane. 
The present inventors have developed a nv;-hod of 
' "'■ ■ ■' such ion chann_:. to an electrode such that a 
;-^gh_^ proportion of the channels exist in a conducting 
20 form. The membrane combination thus formed contains a 
mixture of half -memnrane spanning reservoir lipids 
membrane spanning reservoir lipids ~ .i ng ion 

channel linker compounds formed in a cios- packed layer 
such that non-linker ion channels do not penetrate into 
25 the first layer when the second layer is formed on the 
coated electrode. 

In a fourth aspect the present invention consists 
in a method of producing an electrode membrane 
combination, the method comprising the following 
sequential steps :- 

(1) Forming a solution comprising ion channels having 
attached at an end thereof a reservoir region, the 
reservoir region including a hydrophilic group and 
an attachment group;' and a reservoir lipid, the 
reservoir lipid comprising a hydrophobic region, a 
hydrophilic region, an attachment region and 



WO 94/07593 



20 



) 

-PCT/AU93/00509 



10 



15 



20 



30 



35 



optionally a head group in a polar carrier 
solvent; 

(2) Contacting the electrode with the solution from 
step (1), the composition of the electrode and the 
attachment groups and the attachment regions being 
selected such that the attachment groups and the 
attachment regions chemisorb to the electrode; 

(3) After a period of incubation rinsing the coated 
electrode from step (2) to remove unbound 
material; • 

(4) Adding to /the rinsed electrode from step (3) a ' 
solution comprising ion channels and a lipid in a 
carrier solvent; and 

(5) Adding to the electrode from step (4) an aqusous 
solution such that a lipid bilayer membrane 
coating the electrode is formed. 

In a preferred embodiment of the preset, invention 
the ion channels are gramicidin or analogues 
derivatives thereof. 

In a further preferred embed!-- , the gramicidin 
is a functionalised gramicidin that consists in the same 
structure -.: •: ... W:.-:--, an hydro-,-- 

ar.d a disulfide group as she:/:: in Figure 13 -.j viii b<=>" 
referred to hereafter as -linker gramicidin b " . 

In a further preferred embodiment the reservoir 
lipid is reservoir lipid A 

(23-(20'-Oxo-19'-oxaeico S a-(Z)-9'-ene)-70-phenyl-20,25,2 

8,42 / 45-pentaoxo-24-aza-19,29 / 32,35,38,41,46,47 / 52 f 55-de 
caoxa-58,59-dithiahexaconta-(Z )-9-ene) or reservoir 
phytanyl lipid (B) or reservoir phytanyl lipid (C). 

The hydrophobic region of the reservoir lipid may 
be either half or full membrane spanning. 

In a further preferred embodiment the reservoir 
lipid includes a head group. Preferred head groups are 
those listed in the first aspect of the present 
invention . 
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In a further preferred embodiment -the reservoir 
lipid has a biotin containing head group. 

In a further preferred embodiment, the reservoir 
lipid has a head group used to couple the reservoir 
lipid to a protein molecule or other receptor molecule. 

In a further preferred embodiment, the reservoir 
lipid used in step 1 has a head group used to minimise 
the non-specific serum interaction on the membrane such 
as a polyethylene glycol or phosphatidyl choline group. 

In a further preferred embodiment, the solution in 
step 1 further includes a lipid. The lipid in the 
solutions in step 1 and step 4 may be the same or 
different . 

In a furthsr ~roforred embodiment, the lipid u^od 
in the polar solvent in the solution of step 1 is any 
natural or synthetic lipid that allows gramicidin to 
assume the correct conformation for deposition onto the 
electrode surface in a conducting st?.r.? ;he lipid 

solvent mixture used. 

In a further preferred embodiment, the lipid in 
- ie P 1 used in the polar solvent is a glycerol 
T-onoalkencate . 

In a further preferred embodiment, the lipid i - 
glycerol monooleate . 
25 In a further preferred embodiment, the polar 

solvent is ethanol , methanol, trif luoroethanol . 

In a further preferred embodiment, the solvent is 
ethanol cr methanol. 

It is generally preferred that the electrode from 
step 2 is treated with an aqueous solution prior to step 
3. This is preferably done as soon as possible after 
contacting the electrode (step 2) with the solution 
formed in step 1. This, however, is not essential. For 
example where the polar solvent in step 1 is methanol 
there is no need to add an aqueous solution to the 
coated electrode from step 2. 
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The aqueous solution used in -this optional step 
and in step 5 may be of a large number* of solutions such 
as 0-1 to 1.0M saline. 

In a further preferred embodiment, the? electrode 
5 is treated with a solution prepared in step I where the 
polar solvent is methanol , and where the electrode is 
rinsed in step with a suitable solvent such as ethanol 
or methanol . 

In a further preferred embodiment of the present 
invention, the solution in step 1 comprises 14 0mM 
glycerol monopleate, ImM reservoir phytanyl lipid (B), 
and 0.0014mM linker gramicidin B in ethanol or methanol. 
In a further preferred embodiment/ the solution in 
step 1 comprises -1 4 Qr.M glycerol monooi eats , 1 . 4mM 
reservoir phytanyl lipid (5), 0.0014mM linker gramicidin 
B, and 0.0014mM membrane spanning linker lipids in 
ethanol or* methanol . 

In a further preferred embodiment, the sohr.;.:n in 
step 1 comprises 140mM glycerol monooleate, 14mM 
20 reservoir phytanyl lipid (3), 0.0ul4mJl linker gramicidin 
B, and 0.014mM membrane spanning linker lipids in 
ethanol o:v rr-:-th?.r.*: \ . 

In a further preferred embodiment, thft linker 
gramicidin B concentration is varied from 0.000014mM to 
25 0.014mM. 

In a preferred embodiment the membrane spanning 
phytanyl lipid (B) concentration is varied from 0 . ImM to 
ImM. 

In a preferred embodiment the membrane spanning 
30 linker lipid concentration is varied from 0,000 ImM to 
ImM. 

In a preferred embodiment of the present 
invention, the lipid is a glycerol monoalkenoate where 
the alkenoate group may be an unsaturated hydrocarbon 
chain of between 15-22 carbons in length. 
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In a furtivsr preferred er^odi^r.en: . ir.e lipid is c 
glycerol monoalkyl ether where the alkyl grouo is a 
hydrocarbon chain of between 16-22 carbons in length and 
may contain unr»a turaticn or nay be . cubs t i t\: t.^?d vrith 
methyl groups in order tc lower its phsr-s' trnr.:-:*:.io::. 

In a preferred embodiment of the present 
invention, the lipid is glycerol monooleate, glycerol 
monopalmitoleic , mono-ll-eicosenoin, mono-erucin . 

In a further preferred embodiment, the lipid is 
glycerol monocleate or mono-ll-eicosenoin . 

In a preferred aspect of the present invention, 
the lipid is glycerol monophytanyl ether. 

In a further preferred embodiment of the present 
invention, the : i_pid consi::- in a MixLJira of <>.jl'/-z :ro 1 
monoalkyl ether or glycerol monoalkenoate and a lipid 
where the head group consists in a polyethyl3ne glycol 
group of between 60 0- " JOOg/mol . 

In a further pr^..: . : . ■ - ; lipid is a 

mixture of glycerol monoalkyl ether or glycerol 
monoalkenoate and 1-3% of a lipid where the head group 
is a polyethylene glycol group. . It is further preferred 
that the v.. 1/ \ - glycol has a mo?, .cular weir'- 
the rsnge of 6CC-3000g/mol . 

In a further preferred embodiment, the 
polyethylene glycol containing lipid comprises in the 
same molecule a phytanyl group attached to a succinate 
group at one end and a polyethylene glycol 2000 attached 
to the other end of the succinate. 

In a further preferred embodiment, the lipid is a 
mixture of glycerol monoalkyl ether or glycerol 
monoalkenoate and a lipid where the head group is a 
phosphatidyl choline head group. 

In a further preferred embodiment, the lipid is a 
mixture of glycerol monoalkyl ether or glycerol 
monoalkenoate and up to 20% of a lipid wh^re the heail 
group is a phosphatidyl choline head group. 
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In a further preferred embodiment, the lipid is a 
mixture of glycerol monoalkyl ether or glycerol 
monoalkenoate and up to 20% of a lipid where the head 
group is a phosphatidyl choline head group and up f: 3.% 
of a lipid -h^rs the head group is - polyethylene nlvco 
of molecular weight between 600-3000g/mol . 

In a further preferred embodiment, the lipid is a 
mixture of glycerol monoalkyl ether or glycerol 
monoalkenoate and a lipid where the head group is a 
gal ( betal-3 ) galNAc ( betal-4 ) [ NAcNeu ( alpha2-3 J gal ( beta 1- 
4 )Glc-ceramide carbohydrate head group. 

Although the nature of the carrier solvent dees 
not appear critical, it is preferred that the carrier 
solvent i3 a -Mv:-: rsolv.-nt fixture wherein the 
lipid and ionophore is soluble and which is preferably 
water soluble. Suitable solvents are common water 
miscible solvents such as ethanol . dio;;;:— e, .w.^anol or 
mixtures of these solvents. Addition of small c ants 
of non-water insoluble solvents such as dichloromethane 
may also be included in the carrier solvent in order 
solubilise the lipid and ionophore. 

In an;-' o ' w ha pro;? r>rr n:- -■■-■:i;L:".snt s of lc-\ >m 
aspect of the present invention, the contain,™ - - vessel 
may be a containment vessel with polar sides. 
25 It is further preferred that the contains _ z 

vessel is made of a material with a hydrophilic surface 

It is further preferred that the containment 
vessel is made of a material that minimises non-specific 
binding of proteins or has its surface modified in ordej 
to minimise protein adsorption on addition of the 
analyte sample to be tested. 

In yet a further preferred embodiment of this 
aspect of the present invention the solutions in steps 
(1) and (4) contain less than 2%, and preferably 0% of 
an alkane such as decane, dodecar.?, tertradecane or 
hexadecane . 
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Without wishing .to be bound by scientific theory 
it is believed that the method of the present invention 
provide a greater proportion of conducting ion channels 
due to the fact that the ion channels in step 1 are able 
to assume their native configuration in the lipid 
component of the reservoir lipid. These ion channels 
are then laid down and attached to the electrode via the 
attached reservoir regions in this conformation. The 
rinsing of the membrane to remove the unbound reservoir 
lipid then removes all unbound ion channels . This 
should result in the majority of the bound ion channels 
being in a conductive configuration. The subsequent 
addition of a lipid results in the formation cf a lipid 
bilayer with the bound ion channels Tyres 2*-i t i v— 
13 layer. The ion channels added in step 4 will then 
Petition primarily in the upper layer. 

Another advantage provided by the method ox this 
aspect of the present invention is that it enables 
accurate adjustment of the proportion of ion channels in 
the upper layer of the membrane bilayer. 

The present inventors :..; : ve determined a method of 
applying V-; J vc7-l - ->-. v - layer onto a r- \ v . 
biosensor in order to increase the stability of the 
membrane and in order to protect the membrane biosensor 
from interferents such as those present in blood. 

Referring to the hydrogels, suitable polymers may 
either be regular homopolymers containing substantially 
no other material in their matrices, slightly 
crosslinked homopolymers, or they may be copolymers 
prepared from two or more monomers . 

Accordingly, in a fifth aspect the present 
invention consists in a biosensor for use in detecting 
the presence or absence of an analyte in a sample, the 
biosensor comprising an electrode and a bilayer membrane 
33 comprising a top layer and a bottom layer, r_h~ bottom 
layer being proximal to and connected to the electrode 
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such that a space exists between the aembrane and the 
electrode, the conductance of the membrane being 
dependent on the presence or absence of the analyte, th« 
membrane comprising a closely packed array of 
5 amphiphilic molecules and a plurality of ionophores 

dispersed therein, and a layer of a hydrogel formed on 
top of the lipid bilayer membrane, the hydrogel allowing 
the passage of the analyte molecule to be detected. 

In a preferred form of the present invention, the 
hydrogel consists in a thermosetting gel that is 
deposited onto the preformed lipid bilayer membrane at a 
temperature where the thermosetting gel is in the fluid 
phase and subsequently gels as the temperature is • 

z — - - ° - ^-i-xng temperature, thus i'c —li- 
the protective gel membrane above the lipid bilayer 
membrane . 

In a further preferred embodiment c.i ??3iant 
invention, the thermosetting gel is an agar 

In a further preferred Embodiment, the gel 
contains between 0.3-5% acar. 

In a further preferred embodiment, the 
thcrr.:C3 r::-.;. -g gal i s a c;". -tine gel. 

In a further preferred embodiment of the present 
invention, the hydrogel consists in an in situ "' 
polymerised hydrogel, where a solution of gel forming 
monomer is added to a preformed lipid bilayer membrane 
and is subsequently polymerised such that an hydrogel is 
formed as the protective eel membrane above the lipid 
bilayer membrane. 

In a further preferred embodiment, the gel forming 
monomer is an acrylic acid or an acrylic acid derivative 
that is polymerised by free radial polymerisation. 

In a further preferred embodiment, the hydrogel 
•■nay be formed from hydroxyalkyl acrylates and 
hydroxyalkyl methacryla tes , for example, hydroxyethyl 
acrylate, hydroxypropyl acrylate and 
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•hydroxybutylmethacrylate; epoxy acrylates ar.d epor.- 
methacrylates, such as, for example, glycidyi 
methacrylato; amino aikyl acrylaces and amino alkyl 
methacrylates ; N-vinyl compounds, such as, for example, 
N-vinyl pyrrciidons; amino styrenes; polyvinyl 
alcohols and polyvinyl amines . 

In a further preferred embodiment, the gel forming 
monomers consist of .".crylamide and a bisacrylamide 
cross-linker. 

In a further preferred embodiment, the hydrogel is 
formed from cross-linked hydroxyethy! acrylate or 
•'.hydroxyethyl rnethacryiate or other biocompatible gel. 

In a further preferred embodiment of the present 
i-va.-tion, chs hydrog&l i:: :or;;:rs'^ a nunbsr of groups 
that alter the partition of interferents and/or analyte 
molecules into the gel layer by means of altering the 
net charge of the hydrogel. 

In a further preferred embodiment, the hr-dvr 
contain enzymes such as urease that convert a substrate 
into an ionic species that is able to be dscecced by the 
lipid bilayer membrane sensor. In the case of the 

enzyme urease, '. - - : -v : ... . ; 0 

which could be detected by a lipid bilayer sensing 
membrane incorporating an ammonium selective ionophore . 

In an sixth aspect, the present invention consists 
m an electrode membrane combination comprising an 
electrode and an ionically insulating monolayer 
membrane, the membrane comprising a closely packed array 
of amphiphilic molecules and a plurality of ionophores 
dispersed therein, said amphiphilic molecules comprising 
within the same molecule a hydrophobic region, an 
attachment region attached to the electrode, a 
hydrophilic region intermediate said hydrophobic and 
attachment regions, the space formed by said hydrophilic 
region between the electrode and the membrane being 
sufficient to allow the flux of ions through the 
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ionophores, and a head o,o,p arched to th* hvn.cchL J 
portion of the molecule at a sii-o «> -^epho^c 

hvdrn . .. . . at a Site remote from the 

•nydrophxlic region. 

5 presentY ""f""" 1 of this Mp . et e , tho 

hvd ! lnVenti0n " the —layer membrane molecule has , 

chain am.no ac ld s, where the amino acids are ^ v S 

wLh h ^ 9ES ' " e « the nitrogen 

with hydrocarbon alkane groups it <« „ « _, 
'» the sfr,,,. * t 9 P 11 is preferred that 

IrLl ^ SCidS " Such «»' ^e amino 

9rc u? „ typrcally separated from the acid group by an 
alkane chain of betwe«r t r>r\ w y p y an 

aiico • * Ctwe - n 6 - 20 carbons long, and that the 

xans chains attached to -fn- -Wo™ ^ . 

" lLr °gsn are t-.-pic - 1 "i v 

--^wee:; 10 -21- c— : ■ — - i " y 

, - '• a lor.g and may be ^rha- 

-turated.or contain unsaturated groups. Adoit'Ion = llv 

^e aijtan , oroup , „. y consist c; v , ^« 

substituted alkane groups. " " 

In a further preferred eriodi^ent . the „~- . - 
consists in a monolayer membrane molecule whe~"th- " 
hydrophobic region consists in a tertiary, t-IaWI 

-no,... ylsubstiIuted gly „ rol> =onoi -™ ;; b ; tituted 

! s "T C , aCid " ° ther conmonly usad ™«»"y 

used ln l lpid synthesis in order to form dialkyl lipi, 3 
Th. unfunct^onalised al ky l grou? attachc . d t „ th . J ' ' 
group may consists of an hydrocarbon chain, typically of 
carbon chain length 1 to 20 carbons long and Zy be 

» funct " a * U " OMl substituted. The two 

C ' 0nal ;; ed 3lkyl Chai - -»-hed to the amino grouo 

subs r c y ;° to 20 carton a --° ns ions - »» 

subst.tuents of the monoalfcy! substituted glyce-o' " 
glutamic acid or other commonly used group would ' 

« artn!^ bS - a hydr0C " b °" ^ <*» i" the same length 
grouo EUnCtl ° naliSed chain attached to the amile 
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* ^har -oref erred embodiment, the ne^rane 
in a further pret hydrophobic 
«-«ni aver membrane v^.*-*-*- 
consists xn a alltyla ted pentaerythritol . 

r egion consists xn a ««• ^ m( , 
derivative where two of £ m 
functionalxsed „o as to co mmonly 
subs tituted glycerol -J irrl^-y— - 
^nclxonallsITand runctionalised 1*1 groups - - 
th e same as descried above^ hydrophobic Ieg ion 

The head groups ,"« ched of the hydro phUi= 

of the membrane -y ""f^ \ h e f xrst aspect of the 
: head groups as ,^ the s -, Ktee n t regie, ar.U 

' ^"r-^r^'-^rv'oir'xegion «. any of «h. group, 

descried in -M-^^ e «nt of the 

In y,t a .urthe. - capab le o£ 

Present invention the xonop ,-. ^ ^ ^ o£ 

transporting an ion — ^ , niya , bein g either 

an enzyme with xts su - ^ ^ r>s!nbran , 

, covalently or non-covalentxy 

-■ - ,-uti=r. containing the 
Addxtx-.' - ~ ionic spec ies whicn 

wU l cause the ^ ionoph ore across the 

„iU ^ tll . conductance properties of 

!5 membrane, thus modulating t ^ q£ 

the membrane, which -e 

substrate present in "J;"'^" o£ th e present 

r rtT . ro H embodiment or xn« t-' 1 - - 
in a preferred emb ducina ammonium 

invention, the enzyme is a urea P 
w ions from the substrate ^ coval entiy 

In the case ^ t .«. d tha t the 

attached to the memb rane ,t J q£ ^ Upid 

covalent •«« h ~ nt " " f LctionaUsed for covalent 
molecules that are suitaciy 
35 attachment to proteins. 



WO 94/07593 



1G 



20 



35 



V»CT"/ AU93/C0509 
30 



Detailed Oescrintion of ^hc invpnt. irm 

In order that the nature of the present invention 
may be more clearly understood preferred forms thereof 
will now be described with reference to the; following 
examples . 

Example 1 

Synthesis of membrane spanning lipids 

1,3-Benzyiidine glycerol was prepared according to 
the method of H.S. Hill et al in Carbohydrates and 
Polysaccharides, 50, (1928), 2242-2244. The 1,3- 
benzylidine glycerol was ..then treated with sodium 
hydride in tetrahydrofuran and phytanyl bromide under 
re-flu v for 24 hours tc give ths giycarol 2-phytanyle r.i-.e-r 
15 1,3-benzylidine. This ether was then treated with a 

mixture of potassium borohydride and boron trifluoride 
etherate in refluxing tetrahydrofuran for 24 hours to 
give the glycerol 1-benzylether 2-phytanylether . The 
product was then treated with sodium hydride and 1,16- 
dibromohexadecane in refluxing tetrahydrofuran for 2 4 
hours to yield the glycerol 1-benzylether 2- 
phy t ?.-nyl ether 3- (12 .• r.-.Y. ^lacicvl } c - -> • 
homologous compounds using 1 , 12-dibromododecane , or 
1,14-dibromotetradecane were produced in similar 
25 fashion. Treatment of the product with biphenol and 
sodium hydride in refluxing tetrahydrofuran gave the 
bis-benzyl protected membrane spanning lipid which, 
after isolation, was debenzylation using palladium on 
charcoal to give the diol shown in Figure 2. Addition 
of a reservoir component as described in PCT/AU9 2 /00 1 32 
in the presence of dicyclohexylcarbodiimide and 
dimethylamino pyridine gave the membrane spanning lipid 
shown in Figure 3 which, contains an alcohol head group 
(MSL-OH). Treatment of this membrane spanning lipid 
with the diacidchloride of an acid f unct ional ised 
polyethylene glycol 400 (average molecular weight 
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4 00g/mol) followed by an aqueous workup gave the 
membrane spanning lipid shown in Figur,- 4 
(MSLPEG400COOH, which contains a dicarboxy polyethylene 
glycol 400 head group. Treatment of the diol shown in 
3 Figure 2 with firstly, one equivalent of BCC- 

glycine/dicyclohexylcarbodiimide and dimethyl amine 
pyridine and isolation of the Tnonosubstituted compound 
secondly with trif luoroacetic acid to remove the SOC 
grou P/ thirdly treatment with a biotin-xx-N- 
hydroxysuccinimide (where the X group is an 
6-aminocaproic acid group), and fourthly, treatment of 
the product with the reservoir component as above in the 
presence of dicyclohexylcarbodiimide and cimsthvl amino 
pyridine : 2 v 5 the r-rr.brane spanning U _-;.;! as shown in 
Figure 5 (MSLXXB) . 
Example 2 

Effect of Small -Spacer Crtc^d on Conduction th.rouch 
the First Layer 

A freshly prepared evaporated 2mm2 gold on glass 
electrode was immersed in a solution of linker (a) and 

bis (2-hydroxyethyl disulfide (H£DS) at various ratios 

(final c--- . ,^. 7 n .. ... 

* ~ *- -■ ■ ■ - -■■ • , :;.'.~.nin rive 

mxnut-s of preparation. After allowing the disulfide 
species to adsorb for a period of between 30 minutes to 
3 days the electrodes were rinsed with ethanol, dried 
and clamped in a containment vessel. Two microlitres of 
an ethanol solution of glycerol monooieate (GMO) (140mM) 
and valinomycin (GMO/valinomycin ratio 3000:1) with 8% 
tetradecane (v/v) was added to the electrode. The 
electrode was then rinsed twice with 0.5ml of 0 . 1M 
saline solution. After the impedance spectrum was 
obtained, the sodium chloride solution was exchanged 
with 0.1M potassium chloride solution. The absolute 
impedance values at 1Hz are shown in Table 1 below. 



WO 94/07593 



PCT/AU93/00509 



32 



TABLE 



T?at*in» T.in Vqt- 
JAa t-JLLJ IjlliAcr 


NdLJL ( U • ±2*) 


2CCI •' 


(A) :HEDS 




log/Z/ at 1H; 


1:0 


7.62 


7.40 


20:1 


7.50 


7.25 


5:1 • 


7.85 


6.81 


1:1 


7.62 


6.61 


1:2 


7.81 


6 .35 


1:20 


[ .7.54 


6. 33 



As can be clearly sean, c tier, of thz- 

potassium via the valinomycin increases as the linker 
(A) molecule is spaced further apart by tho HEDS 
molecule . 

When -the above exp^.:; . ;t is repeated using 
membrane spanning lipid shown in Figure 3 (MSL-OH; 
various HEDS ratios similar results vare obtained as 
shown in Table 2. At high MSL-OH ratios the lipid 

membrane sysr. r, "ppear to err*- v : - '—\*' m :.\ olldr 

structures, henca the overall high impedance 

TABLE 2 



Ratio MSL-OH: HEDS NaCl(O.lM) 



1:0 
1 : 10 
1: 100 
0:1 



7.8 
7.5 
7.0 
6.9 



KCl(O.lM) 
log/Z/ at 1Hz 
7.3 
6.4 
6 . 1 
6 . 1 



15 



Adsorpotion of a monolayer of MSLPEG4 00COOH onto a 
"2mm 2 gold electrode with no HEDS, followed by the 
addition of GMO/ tetradecane as described above, resulted 
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an a bilayer membrane with an impedance of 7Z? kor-n, 
100Hz. Convewaly, an electrode with a HSLCii ii«t 
layer followed by the addition of GKO/tetradecane as 

described above resulted in a membrane conc^n-n 

thxcker or multilamellar structures as seen bv 

impedance of 650 kohms at ICOHz. 

Example 3 

. Formation of a li pid bilayer membrane without a sealing 
alxane y 

A freshly prepared evaporated 2mm2 gold on glass 
electrode was immersed in a solution of linker (A) and 
*«<2-hydro*yethyl)disulfide ( HEDS ) at a ratio of 8-2 
(final concentration vas o.2mM in ethanol ) , within five 
* ir, - t * 3 of P-ep-aticr.. 7.;, t ,- - :iowi _ - , .. , = 
specie* to adsorb for a period of between 30 minutes to 
3 days the electrodes were rinsed with ethar,"; d - - 
and clamped in a containment vessel. Two microlitres of 
an ethanol solution of glycerol rr.. te (CLMO) ( i40mM) 

or mono-ll-eicosenoin (14 0^) or glycerol 1-ohytanyl 
ether (14 0mM) was added t. the electrode. These 
^•lutions contained no alkane co-solvent. The electro-, 
*'"" 2<S r ' hl "' n '"'• 1 '- nss ^ '••nee with' 0.5ml of 0 . 1 v saline * 0 ". • 
" nd in> Peciance spectra were obtained and ar, ~ 
Figure 6. it was found that the glycerol 1-phytanyl 
ether formed useable sealed bilayer membranes whereas 
both the GMO and the mono-ll-ecosenoin did not form 
sealed membranes. 
Example 4 

Synthesis and Formation of Bilayer Membranes using a 
Reservoir Phytanyl Lipid 

Reservoir phytanyl lipid (B) is shown in Figure 7. 
Tn is compound was synthesised from 4 , 18 , 2 l-trioxo-36 - 

phenyl-34 / 35-dithio-5 / 8, 11, 14,17,22, 25, 23, 31- 
nonaoxohexatricontanoic acid and phytanol in the 
presence of dicyclohexylcarr-iimide and dimethvlarnino 
pyridine. The homologous reservoir phytanyl lipid (C) 
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shown in Figure 8 was synthesised in analogous fashion 
from the suitable hydrophilic precursor and phytanol. 

A bilayer membrane was formed onto a freshly 
evaporated gold electrode using the protocol described 
ln Ex *»Ple 2 but in the absence of any small spacer 
molecule. Thus a solution of reservoir phytanyl lipid 
(B) or (C) in ethanol was contacted with the gold 
electrode surface, followed by rinsing of the electrode. 
A bxlayer membrane was then formed by addition of 5 
microlitres of an ethanol solution containing glycerol 
1-phytanyl ether <140mM) and valinomycin (glycerol 1- 
phytanyl ether /valinomycin 1500:1) followed by 0 . 1M 
sodium chloride solution. Impedance spectra were taken 

c.ut._ , A ; :££SS1U]II chloriJa solution 

and values at lOKz are shown in Table 3. 



TABLE 3 



Resea^oir NaCl(0.l:i; KC..0.2M) 

Phytanyl Lipid 



7.8 



1:0 

1:10 7m5 

2:100 7mQ 

0:1 6.9 



log/Z/ at 10Hz 

6. : 

6.1 
6.1 



Example 5 

Reduced effect of serum on lipid bilayers by 
incorporation of lipids containing PEG 2000 head groups 

A freshly prepared evaporated 2mm2 gold on glass 
electrode was immersed in a solution of linker (A) and 
b 1 s(2-h y droxyethyl)disulfide (HEDS) at en 8:2 ratio 
(final concentration was 0 . 2mM in ethanol), within five 
minutes of preparation. After allowing the disulfide 
species to adsorb for a period of between 30 minutes to 
3 days the electrodes were rinsed with ethanol, dried 
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and clamped in a containment vessel. Two microl itres of 
an ethanol solution of glycerol monooleate { GMO ) 
(140mM), succinic acid phytanol half-ester PEG2000 half- 
ester (PSP-2000) (1-4 mol% relative to GMO) and- 
gramicidin (GMO/gramicidin ratio 1000:1) with 8% 
tetradecane (v/v relative to ethanol) was added to the 
electrode. The electrode was then rinsed twice with 
0.5ml of 0.1M saline solution. After the impedance 
spectrum was obtained,. 2 microlitres of whole plasma was 
added and the impedance spectrum again measured. The 
absolute impedance values of 1Hz are shown 1 in Table 4 
for various GiMO/PSP-2000 lipid ratios. 

— » . > 

Ratio GHO/PSP- WaCl(O.lM) XCl(O.lM) 

2000 

log/Z/ at 1Hz 



15 



100:0 


7.3 


6.5 


99:1 


• 7.1 


6.7 


3 6.2 


7.1 


7 . 0 


? 7 : .7 






SS:4 


6.9 


6.4 


95:5 


7.0 


6.4 


As 


can be seen the effect of 


plasma 0:1 



membranes is most effectively reduced at ratios of 1- 
3 mol% of the PSP-2000 lipid. 
Example 6 

Formation of a protective hydrogel onto a lipid membrane 

A lipid membrane was produced onto a gold 
electrode using the protocol described in Example 2. 
Excess saline was removed from the containment vessel 
and ten microlitres of a solution of agar (0.5-5% w/v) 
in 0 . 1M sodium chloride was added to the lipid membrane 
assembly at 40°C. The membrane assembly was allowed to 
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cool to room temperature -whereupon the agar gelled 
forming a protective membrane over the Lr.tact lipid 
membrane. in the case where the lipid membrane 
.contained valinomycin as the ionophore, addition of a 
5 potassium solution caused a decrease ir. the impedance a 
expected, although the response times were slower - 
approximately 15 seconds compared to less than 1 second 
. without the gel membrane. It was also found that 
addition of whole plasma or serum did not have any 
effect on the lipid membrane for at least 20 minutes 
, .when a 0.3% w/v ag*ir ge l was used or 1.5 hours when a 3' 
. w/v agar gel was used. . 

A hydrcgel could be also forced cr.to a lipid 
membrane by addition of ten micrciitras of a solution ci 
acrylamide (4% w/v) and N'N'-bis-methyiene-acrylamide 
(0.3% w/v) in 0.1.M sodium chloride tetra^.ethylethylene 
diamine (0.01%), follow! by addition of two microlitres 
of a 10% solution or _ persulfate in 0 . 1M sodium 

chloride solution. The acrylamide gelled giving an 
intact lipid membrane electrode combination which, when 
the lipid contained the valinomycin ionophore responded 
•to potas.31— 1,: u .3uai ..i-^.-r and which 

lipid membrcin-3 from non-specific effects of serum and 
plasma for up to one hour. 
25 Example 7 

Formation of an enzyme/ion selective electrode 
combination electrode 

A lipid membrane was formed according to the 
protocol as described in Example 2 but where the 
ionophore is nonactin at a GMO/nonactin ratio of 3000:1. 
To the electrode membrane combination was added two 
microlitres of a 0.5mg/ml solution of urease in 0.1M 
sodium chloride solution, allowing the urease to non- 
specifically bind to the lipid membrane surface as 
monitored by impedance spectroscopy, as a control 
identical electrodes were formed but without the urease 
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addition. After 10 minutes 10 microlitres of a solution 
of urea (0.1M in 0 . IM sodium chloride solution) was 
added to the urease/ion selective electrode combination 
and to the control. It was found that on addition of 
the urea the impedance of the urease/ion selective 
electrode dropped substantially more (impedance at Miz 
dropped from log 7.3 ohms to log 7.1 ohms) than that of 
the control (impedance at 1Hz dropped from log 7.3 ohms 
to log 7.25 ohms), it is expected that the urease 
converts the urea to ammonium which is transported by 
the nonactin across the lipid membrane. A major 
advantage of this enzyme/ion selective electrode over 
conventional enzyr.e/ion selective electrodes is that if' 
is possible to produce inexpensive, single ^2 -njor: 
15 with fast response times. 
' Example 8 

Method of adsorbing Gramicidin B 
1st layeT 

Onto freshly prepared 2mm 2 gold electrodes was 
deposited 2ul of a ethanolic solution containing 140^-; 
glycerol monoleate, 14 0uM reservoir lipid A, 14uH 
MSLXXB, 1.4vJ! Gr am ••' c * <■' ; " 

immediately added and the assembly allowed to stand 
overnight. The saline solution was then removed, the 
assembly rinsed with ethanol (5 x 100ul) and drained. 
2nd laY^T 

To the above prepared electrode was added 5ul of a 
ethanolic solution of I40m>l glycerol monooleate and i.4u 
M biotin-gramicidin conjugate, 2%(v/v) tetradecane. The 
assembly was immediately treated with 100j.il 0 . 1M NaCl . 
The saline solution is removed and replaced with fresh 
saline (lOOul) five times. 

Figure 9 shows the impedance of the electrodes 
before (a), and after (b) challenge with lul 0.05mg/ml 
35 streptavidin solution (0.1M NaCl). The impedance trace 
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obtained -for the sealed Trerrtbrane , i.e. without 
gramicidin derivative in the 2nd la;,- -r,.. is . shown in.. -(c). 

Conducting membr.anes that respond to the addition 
of streptavidin can also be obtained by varying the 
method described above with the following: 

1) type of membrane spanning lipid added 

2) replacing glycerol monooleate with other different 
chain length derivatives or glycerol monooleate 
ether derivatives 

3) the concentration of XSLXXB from IjiM to 14 0mM 

4) . the concentration of Gramicidin B from IjiM to 14jiM 

5) "^replacing reservoir phytanyl lipid E with 

reservoir lipid j\ or reservoir phytanyl lipid C in 
the concentration range IOjiM to lmM. 

6) saline can be omitted from the first layer, and 
glycerol monooleate csn also be omitted from t>*> 
first layer 

7) ethanol can bo r-pi^caa lc . . r^olar solvents 
such as methanol or dio;:ane 

J i the 2nd layer can be made up with or without 
addition of alkanes such as tetradecane. 

Example 9 

First Layer 

Onto a freshly prepared (by evaporation or 
sputtering) 2mm 2 gold electrode is placed 2ml of a 
solution comprising glycerolmonooleate (0.14M), 
reservoir lipid A (1.4mM) and linker gramicidin B 
(0.014mM) in a 98:1 (v/v) mixture of ethanol and 
tetradecane. The electrode/well assembly is then 
immediately treated with 100ml of 0.1M NaCl and the 
assembly is allowed to stand overnight, the saline 
solution is then removed and the assembly is washed (5 x 
100ml ethanol) and drained. 

Second Laver 

TTo the above prepared electrode is added a 
solution of gramicidin-biotin con jugate ( 0 . 14mM) and 
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glyceryl soncolea : 9 r 0 . i 4M> in = 

is then immediacy tre? , pH • * J **> • ™* a.aaably 

saline solution is t „T " Salil ^ 00 ^ • The 

saiine (1 oo ra irL: ™ d and repiaced — f — 

9 —i!^™^! 0 ^ as described in the — 

the Lo layers T L H COnCentrati ° nS ° f in 

layers. The impedance of the membranes was 

™ and the ^ 1*™ 

-g/ m i streptavidin. The impedance traca , f 
shown in Figs. 10-12. «n-a a-e 

in each of the traces shown in Fig. 10 (a -dl th . 
*otto m l ay er consisted of 0.14 do.bl! £j£ 

lu ' ij) ' 10% tetradscana. The top laver, -^-v 
consisted of OKC, tetradecane fl0l) and ^ 

°T tntiM! ° f ^-icidin-oioti,. comugaL Fig 
10.-0, Fig 10b-0.OO14.xM; Fig. lOc-O.O-^v „. 

w ^ XV~°* only °- 14 - ^ci din . biotin cojugate/ 

fresh" ?h "r radSCanS 10% "lution was apolied to a 
fresh gold electrode. 

-•'ig. 11 is the same 2 -• • .-. -> 

concentration of double length reservoir gramicidin in 

the bottom layer for , 

- only O .014»M LaJcTdin ^ 

t»i-„ rf amiddin-biotm cojugate, 140mM GMO, 

=r i 05 solution was applied to a fresh 

in Fig. 12 th , concentration graaicidin . biotin 
dral^d "—""ion of double length reservoir 

fT i; " /: the botto,n iayer v - ied - FiS ' 

L o 12f - 14 °-- ««■ 10. is repeated as Fig. 

12g for comparison. 

art t/r ^ apPrfcCiated ^ Persons skilled in the 

art. that numerous vat--; 

us variations and/or modifications may be 
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made to the invention as shown in the specific 
embodiments without departing from the spirit or scope 
of the invention as broadly described- The present 
embodiments are, therefore, to be considered in all 
respects as illustrative and not restrictive. 
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CLAIMS : - 
1 . 



A linker lipid for use in attaching a membrane 
including a plurality of ionophores to an eiactrooe and 
proving a space between the membrane and the electrode 

111 WhlCh thS membrane i« Either in part or totally made 
up of the linker lipid th P n n w -i • • 

. , . piQ ' cne linker lipid comprising 

within the same molecule » ^tMt-^u^ ■ 

ecuie a hydrophobic region capable of 
spanning the membrane, an attachment group used to 
attach the molecule to an electrode surface, an 
hydrophilic region. intermediate said hydrophobic region 
and the attachment grou P/ and a polar head grouo region 
attached to the hydrophobic region at a site remote from 
L.he hydrophilic region. - 

2- A linker lipid « a claimed in claim 1 <n which -he 
head group region is a polyethylene glycol ranging in 
molecular weight of between 600-6000 g/r.ol 

3. A linker li pid as clalffled in cla ^ , ±n ^.^ ^ 
head group is a phosphatidyl choline c-p.ud 

4. A linker lipid as claimed in claim' 1 in which 
the head group is a glycerol head group. 

5. A linker lipid as claimed in claim 1 in which th - 

'• 2sd group is a bicf'n . , 

• *. o — ammoc? oroic 

acid group or an N-biotinylated oligon-.er of 6- 
aminocaproic acid. 

6- A linker lipid as claimed in claim 1 in which the 
head group is a Gal ( beta 1 -3 ) galNAc ( beta 1 - 

4) [ NAcNeu ( al P ha2-3 ]g al { betal-4-Glc-ceramide head group. 

7. A linker lipid as claimed in claim 1 in which the 
head group is terminated in a carboxylic acid group 
capable of being used to conjugate the linker lioid 
with a protein molecule via the amine groups on the 
protein . 

8. A linker li pid as claimed in claim 1 in which the 
head grcup is a polyethylene glycol in the molecular 
weight x.nce 400-1000g/mol terminated in a carboxylic 

acid group. 
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9. A linker lipid „ clai^d in claisR 2 in which 
the head group is a group capable of b . eovAlmtl 
linked with a protein xr.olecule via aldehyde groups ■ 
generated from -the oxidation of carbohydrate groups on 
the protein molecule. 

10. A linker lipid as riai»^ • i . 

. . P aS claiin ed m claim 1 in which the 

head group includes a hydrazide derivative 

11. A linker lipid as claimed in claim 1 in which the 
head group is a polyethylene glycol terminated in a 
carboxy hydrazide . derivative . 

12 A linker lipid as claimed in claim 1 in which the 
head group is a group capable of being covalently linked 
to a protein molecule via free thiol grouos on the 

protein molecule, 

13. A linker lipid as clataed in claia x ^ ^.^ 
head group includes a maleimide derivative 
14 a linker lipid as claimed in any one of claims 1 
to 13 rn which the -„ h obic group n23 tho ^ 
structure as =h.o»„ in n,^ i „.,„.., Ehe group (;:) , B . 
hydrocarbon chain that is approximately half the lenath 
of the group (Y) . 

«- A 1-v, i<p<d „ cl-,,, c , lin 14 ls whieh 

the group (X) is b=r%-r>= n in -n u 

v 1 n 10 ' 22 carbons m length and may 

be a saturated, unsaturated or polyunsaturated 
hydrocarbon, or may be an alkyl substituted hydrocarbon 
such as the phytanyl group or other mono- or 
permethylated hydrocarbon chain. 

16. A linker lipid as claimed in claim 14 or 15 in 
which the group (X) is a phytanyl grouo. 

17. A linker lipid as claimed in any one of claims i 
to 16 in which the group (Y , in Figure 1 is a single 
chain hydrocarbon group of length between 20-60 A long 

18. A linker lipid as claimed in any one of claims 1 
to 17 in which the group ( Y) consists in a sinole chain 

group that is between ?n fin b i« 

. en ^0-60 A long and contains within 

the chain a rigid spacer group. 
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19. A linker lipid .as claimed in claim 13 in vhic 
the rigid spacer is a biphenyl ether or biphenylamin 
other biphenyl compound. 

20. - A linker lipid as claimed in any one cf clai- 
5 to 19 in which the group (Y) is a single chain group 

that is between 30-50 A long and contains within the 
chain a N,N'-alkyl substituted 4 , 4 '-biphenyl amine 
group. 

21. A linker lipid as claimed in any one of claiir. 
lu to 19 in which the group (Y) is a single chain group 

that is between 30-50 A long and contains within the 
chain a 4 , 4 ' -biphenyl ether group, 

22. A linker lipid as" claimed in any cne of claiir 
to 19 in vhic/: the group (V) i^ a bi'J-h^xadecyl 4.4' 

15 biphenyl ether. 

23. A linker lipid as claimed in any one of clair 
to 19 in which the group (Y) is a bis-tetradecyl 4,4 
biphenyl ether. 

24 . A linker lipid c...; -.aimed in any one of clair; 

20 to 19 in which the group (Y) is a bis-dodecyl 4,4'- 
.-.i-phenyl eihi». 

A link.:-/ .V;/id as claimed I. ..-.y one cf rrV.:.. 
to 13 in which the group (Y) is a single chain group 
that is between 20-60 A long and contains within th~ 

25 chain an alkyi substituted amine. 

26. A linker lipid as claimed in any one of clair 
to 16 in which the group (Y) consist in a single ch 
group that is between 20-60 A long and contains wit. 
the chain a bis-alkylated pentaery thritol group. 

30 27. A linker lipid as claimed in any one of clai: 
to 13 or 17 to 26 in which the membrane spanning li 
is a single chain lipid in which the group (X) in 
Figure 1 is absent. 

28. A linker lipid as claimed in any one of clai 
35 to 27 in which the group (Y) contains groups that c 
alter their conformation in response to an external 
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stimulus such as light, pH, redox chemistry or electric 
field. 

29. A linker lipid as claimed in any one of claims 1 
to 15 in which the hydrophobic region of the linker 
lipid consists of oligomers cf long chain amino acids. 

30. A linker lipid as claimed in claim 29 in which 
the oligomers of long chain amino acids are 11- 
aminoundecanoic acid, 16-aminohexadecanoic acid or oi_her 
amino acid where the carbon chain is between 6-20 
carbons long, .and where the amino acids are linked via 
amide linkages. 

31. A linker lipid as claimed in claim 29 in which 
the amide groups are tertiary, alkyl substituted amide 
groups, where tho a Iky J groups are phytar.yl groups or 
saturated or unsaturated alkyl groups between 1-18 
carbons in length. 

32. A linker lipid as claimed in any one of claims 1 
to 31 in which the hy :;.ophobic region of a proportion of 
ths linker lipid s have covalently attached thereto an 
ionophore via a hydrophobic spacer. 

32. A synthetic lipid for use in bilayer membranes, 
the synthetic lipid h-/ : .-. :: * ---ructure a-; r.'.-.own in 
Figure 1 in which 7 is a single chain group that is 
between 2 0 and 6 OA long and contains a rigid spacer 
25 group and X are hydrocarbon chains approximately half 
the length of Y or are absent. 

34. A synthetic lipid as claimed in claim 33 in which 
the group (X) will generally be between 10-22 carbons in 
length and may be a saturated, unsaturated or 
polyunsaturated hydrocarbon, or may be an alkyl 
substituted hydrocarbon such as the phytanyl group or 
other mono- or permethylated hydrocarbon chain. 

35. A synthetic lipid as claimed in claim 33 or 34 in 
which the group (X) is a phytanyl group. 
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36. A synthetic lipid as claimed in any one of claims 
33 to 35 in which the rigid spacer group is a biphenyl 
ether or biphenylamine or other biphenyl compound. 

37. A synthetic lipid as claimed in anv one of claims 
33 to 36 in which the group ( Y) is a single chain group 
that is between 30-50 A long and contains within the 
chain a N,N'-alkyl substituted 4 , 4 '-biphenyl amine 
group. 

38. A synthetic lipid as claimed in any one of claims 
33 to 36 in which the group ( Y) is a single chain group 
that is between 30-50 A long and contains within the 
chain a. 4,4 '-biphenyl ether group. 

39. A synthetic lipid as claimed in any one of claims 
33 -co 36 in v,v.i-h t:- (Y > is a bis-hexadscyl 4,4'- 

15 biphenyl ether. 

40. A synthetic lipid as claimed in any one of claims 
33 to 36 in which the group ( Y) is a bis-tetradecyl 
4,4 '-biphenyl ether. 

41. A synthetic lipid as claimed in any one of claims 
33 to 36 in which the group (Y) is a bis-dodecyl 4,4'- 
biphenyl ether. 

42. A ^y:\-:.h.:.\.\:-: as claimed ir. = cML-.; 
33 to 35 in which th;, group (Y ) is a single chain'grcup 
that is between 20-60 A long and contains within the 

25 chain an alkyl substituted amine. 

43. A synthetic lipid as claimed in any one of claims 
33 to 35 in which the group ( Y) consist in a single 
chain group that is between 20-60 A long and contains 
within the chain a bis-alkylated pentaerythritol group. 

30 44. A synthetic lipid as claimed in any one of claims 
33 to 43 in which X in Figure 1 is absent. 
45. A method of producing an electrode membrane 
combination comprising the steps of : - 
(1) Forming a solution containing reservoir lipids 

comprising within the same molecule an attachment 
region, a hydrophilic region, a hydrophobic 
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regions, and optionally a hsad gxoup; and sp-actex 
compounds comprising within the same molecule a 
hydrophilic group and an attachment group; 

(2) contacting the electrode with the solution from 

5 step (1), the composition of the electrode and the 

attachment regions being selected such that the 
attachment regions chemisorb to the electrode; 

(3) xinsing the electrode; 

(4) contacting the coated electrode from step (3) with 
10 a solution of lipid and ionophore in a carrier 

solvent containing less than 2%. of an alkane such 
as decane f dodecane, tetradacane or hexadecane; 

n ti * J 

(3) -adding an aqueous solution to the electrode from 
15 step (4 ) . 

45. A method as claimed in clriin 44 in which the 
reservoir lipid is 23- ( 20 '-oxo-19 '-oxaeicosa- (2 )-9 
ene) -7 0-phenyl-2 0,25 ,28,42, 4 5-pentaoxo-24aza- 
19,29,32,35,3.8,41,4 6,47,52,55-decaoxa-58 / 59- 

20 dithioahexaconta- ( 2 ) -9-ene or reservoir phytanyl lipid 
(B) or reservoir phytanyl lipid (C) . 

46. A me^:-:0-U ciai;..±-t 1;; ci-i;.i 44 cr 45 which the 
spacer molecule is a low molecular weight molecule 
containing within the same structure a thio or disulfide 

25 group and one or more hydroxyl or carboxylic acid 
groups . 

47. A method as claimed in any one of claims 44 to 46 
in which the spacer molecule is bis ( 2-hydroxyethyl ) 
disulfide or 2-mercaptoethanol . 

30 43- A method as claimed in any one of claims 44 to 47 
in which the solution of step 1 contains a mixture of 
reservoir lipid A, membrane spanning linker lipid s and 
bis- ( 2-hydroxyethyl ) disulfide . 

49. A method as claimed in any one of claims 44 to 48 
35 in which the solution of step 1 contains a mixture of 
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reservoir lipid A, membrane spanning linker iioid s a~d 
bxs-(2-hydroxyethyl) disulfide in a ratio of 2:^:3 

50. A method as claimed in any one of claims 44 to 49 
in which the spacer molecule is mercaotcacetic acid ^ 
disulfide of mercapto acetic acid, aarcaotooropionic 
acid or the disulfide of mercaptopropionic acid, 3- 
mercapto-l,2-propanedio or the disulfide of 3-mercapto- 
1 , 2-propanediol . 

51. A method as claimed in any one of claims 44 to 50 
xn which the hydrophobic region of a proportion of the 
lxnker lipid s have covalently attached thereto an 
xonophore^ via a hydrophobic spacer. 

52. ' A'Vethod as claimed in any one of claims 44 tc 51 
in ivhich ths lit?id -i .. . .. 



■ a i 



contains no alkane such as decane, dodecane, tetradecane 

or hexadecane-. 

53. A method as claimed in any one of claims 44 to 52 
xn which the lipid in step (4) is . , . ro l monophytanyl 
ether. J 

54. A method as claimed in any one of claims 44 to 52 

ij"i in'iliCi'l the; liijid in StPn Ml ;^ - 

e j-ji step (t) is a i-nxxture of glycerol 

j nyn^r.:--. e^har and a lipid having 

glycol group of between 500-6000g/mol as'ehiad group. 

55. A method as claimed in any one of claims U to 5* 
in which the lipid is a mixture of glycerol monophytanyl 
ether and 1-3% of a lipid having a polyethylene glycol 
head group . 

56. A method as claimed in claim 55 in which th~ 
polyethylene glycol has a molecular weight in the range 
of 600-3000g/mol . 

57. A method as claimed in any one of claims 44 to 56 
xn which the polyethylene glycol containing lipid 
comprises in the same molecule a phytanyl group attached 
to a succinate group at one end and a polyethylene 
glycol 2000 attached to the other end of the succinate 
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58. A method as claimed in any on~ of claims 4 4 to r,2 
in which the lipid is a mixture of glycerol monophytanyl 
ether and a lipid having a phosphatidyl choline head 
group. 

59. A -method as claimed in any one of claims 44 to 52 
in which the lipid is a mixture of glycerol monophytanyl 
ether and up to 20% of a lipid having a phosphatidyl 
choline head grcrxp . 

60. A method as claimed in any one of claims 44 to 52 

in which the lipid is a mixture of glycerol monophytanyl 

ether and up to 20% of a lipid having a phosphatidyl 

choline head group and up to 3% of a lipid having as a 

hazd group a polyethylo-::- r-iycol o.f :..:olsculcir vei-rhi 
bir~ we;;.;; b 00— i J :. ._. , ::..j± . 

15 61. A method as claimed in any one of claims 44 to 52 
in which the lipid is a mi;: cure of glycerol monophvtar.vl 
ether and a lipid having a head grour? : --hich the head 
group is a Gal (betal-3 ) galNAc (betel- , , --..^ alph-n2 - 

3] gal (betal-4 ) Glc-caramide carbohydrate head group. 

- !) c'- . ?:> Tr.sthcd *>.s claimed in any one of claims 44 to 51 
in which a plurality of ionophores are f unctionalised 
-.vich a derivative c: a low molecular vs-ghc analyte 
whose presence is to be detected. 

63- A method of producing an electrode membrane 
25 combination, the method comprising the following 
sequential steps :- 

(1) Forming a solution comprising ion channels having 
attached at an end thereof a reservoir region, the 
reservoir region including a hydrophilic group and 

30 an attachment group; and a reservoir lipid, the 

reservoir lipid comprising a hydrophobic region, a 
hydrophilic region and an attachment region in a 
polar carrier solvent; 

(2) Contacting the electrode with the solution from 
step (1), the composition of the electrode and the 
attachment groups and the attachment regions being 
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selected such -that the attachment groups and the 
attachment regions chemisorb to the electrode; 

(3) After a period of incubation rinsing the coated 
electrode from step (2) to remove unbound 

5 material; 

(4) Adding to the rinsed electrode from step (3) a 
solution comprising ion channels and a lipid in a 
carrier solvent; and 

(5) Adding to the electrode from step (4) an aqueous 
10 solution such that a lipid bilayer membrane 

coating the electrode is formed. 

64. A method as claimed in claim 63 in which the 
solution in step 1 further includes a lipid. 

65. A method as claimed in claim 53 or 64 in which the 
15 ion channels are gramicidin or analogues or derivatives 

thereof . 

66. A methen " claimed in any one of claims 63 to 65 
in which the ion channels are linker gramicidin B. 

67. A method as claimed in any one of claims 63 to 66 
20 in which the reservoir lipid is 

2 3-(20'-Oxo-19 '-oxaeiccsa-(Z)-9 ' -en.e ) -7 0 -phenyl -2 0 ,25,28 
f 42,45-pencQG;;o-24-a2a-19 / 25 f 32 / 35 / 38 / 41 / 'io^V / 52 / 55-dec 

aoxa-58,59-dithiahexaconta-(Z)-9-ene or reservoir 
phytanyl lipid (B) or reservoir phytanyl lipid (C). 
25 68. A method as claimed in any one of claims 63 to 67 
in which the reservoir lipid used in the solution in 
step 1 has a biotin containing head group. 

69. A method as claimed in any one of claims 63 to 67 
in which the reservoir lipid used in step 1 has a head 

30 group used to couple the reservoir lipid to a protein 
molecule . 

70. A method as claimed in any one of claims 63 to 67 
in which the reservoir lipid used in step 1 has as a 
head group a polyethylene glycol or phosphatidyl choline 

35 group. 
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in which the 2 ipid ^ _ y ™* elaia. S3 to 70 

4 « glycerol »oaoaUcenoat:a. " " ep * * nd/e * «ap 

72 - A method as claired • 

5 ia .^ich the li Pld lR J ^ any °f claias 62 tQ 7Q 

4 is glycerol inonooleate. ^ " Bp 1 step 

7 3 - A method as clawed • 

- - glycerol "-no-lJc^^^.' 1 in " hi <=» t*. li pid 
*ay be an unsaturated hvdro J k ^^^^ group 

» caroons in Wh . hj *« c -^ chain of ietWesn J_ 22 

74. A method as claimed in * 

in which the l ipid in , " ^ of claims 63 to 73 

c-ther where the al*y» ~_ * . 3 Sterol monoalkyi 
-between 1S-22 SQxb ^ a J^Y iS 2 h y*»carhon chain of 
U - -hod as clai::/^- 

in Which lipid an st eo < f y ° f Cl&±mS 63 ^ 73 

glycerol Tnnnotsalmitole*- * " ^cerol monccleate, 

' ^^eicosanoin, OT mono- 
76- A method as claimed in an 

■° ^ WMch «» lipid in Bt . 3 4 T Y ° f Clai " S 63 to 73 

ether. . • 18 Sterol mono ohyt any 1 

77- A ^ - 

in which the lipid in stl-Y ^ OIS ° ° f Clailns 63 to 73 
monoalJcyJL ether or glyce-*i " * miXtUre of glycerol 
i - -here >t he head .group L l ™™* 1 **™^ ™« * lipid 
*et*,ee n 600-ftDOOg/aoi. ' ' yethyIei,e glycol, group of 
78*- A method as claimed ^ anv * 
: ^wh ich .the. li pid . in s ^ 4 ^ ^ ° f Claiins 63 to 73 
• -inojjoa^yl.e^her o r gly Ce _;, " * ni3rt ™ of glycerol. 
- -.Hpid.where, the head gr "I" • te and l- 3 % of a 

• .grcmp, t ^ " 1S * 3 pol ^ e1:h ylene glycol 

" 7 2,-.o_j, r A method a s clai^c n 'Y ■ , a 

RPiyeth^iene gl ycol ha& " ; Claim 78 in which the 
•<K«6Q0-3OOOg/inol. • * ol * c »l*x weight in the range 
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Polyethylene ,gl ycol contain ^ " ^ in whic ^ne, 

K - n9 - ai P id composes in the 
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same molecule a phytanyl group attached to a succinate 
group at one end and a polyethylene glycol 2000 attached 
to the other end of the succinate. 

81 . A method as claimed in any one of claims 63 to 73 
5 in which the lipid in step 4 is a mixture of glycerol 

monoalkyl ether or glycerol monoalkenoate and a lipid 
where the head group is a phosphatidyl choline head 
group . 

82. A method as claimed in any one of claims 63 to 73 
10 in which the lipid in step 4 is a mixture of glycerol 

monoalkyl ether or glycerol monoalkenoate and up to 20% 
of a lipid where the head group is a phosphatidyl 
choline head group. 

83. A method as claimed in any one of claims 63 to 73 
15 in which the lipid in step 4 is a mixture of glycerol 

monoalkyl ether or glycerol monoalkenoate and up to 20% 
of a lipid where the head group is phosphatidyl 
choline head group and up to 3% o2 a lipid where ths 
head group is a polyethylene glycol of molecular weight 
2 r ; between 600-3000g/mol . 

84. A method as claimed in any one of claims 6 3 to 73 ' 
in which the lipid in st:ep 4 is a mixture of glycerol 
monoalkyl ether or glycerol monoalkenoate and a lipid 
where the head group is a gal ( betal-3 ) galNAc ( betal- 

25 4) [NAcNeu(alpha2-3]gal(betal-4)Glc-ceramide carbohydrate 
head group. 

85. A method as claimed in any one of claims 63 to 84 
in which the solutions in steps (1) and (4) contain less 
than 2%, and preferably 0% of an alkane such as decane, 

30 dodecane, tertradecane or hexadecane. 

86. A biosensor for use in detecting the presence or 
absence of an analyte in a sample, the biosensor 
comprising an electrode and a bilayer membrane 
comprising a top layer and a bottom layer, the bottom 

35 layer being proximal to and connected to the electrode 
such that a space exists between the membrane and the 
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elect-rode, the conductance of r he membrane being 
dependent on the preser.co or absence of the analyte, the 
membrane comprising a closely packed array of 
amphiphilic molecules and a plurality of ionophores 
5 dispersed therein, and a layer of a hydrogel formed on 

top of the lipid bilayer membrane, the hydrogel allowing 
the passage of the analyte molecule to be detected. 
87. A biosensor as claimed in claim 86 in which the 
hydrogel is a thermosetting gel. 
10 88. A biosensor as claimed in claim 87 in which the 
thermosetting gel is an agar gel. 

89. A biosensor as claimed in claim 87 in which the 

gel contains between u J-liV agar. 

90. A biosensor as claimed in claim 87 in which the 
15 thermosetting gel is a gelatine gel. 

91. A biosensor as claisrac; in claim 86 in which the 
hydrogel is an in situ polymerised hydrogel. 

92. A biosensor as claimed in c. . ; or- i r , v:h 
hydrogel is an acrylic acid or an acrylic acid 

?.o derivative that is polymerised by free radial 
polymerisation . 

93. A biosensor aj j.-aii.:jd in claim 86 in which the 
hydrogel is formed from acrylamide and a bisacrylamide 
cross-linker. 

25 94. A biosensor as claimed in claim 86 in which the 
hydrogel is formed from cross-linked hydroxyethyl 
acrylate or hydroxyethyl methacrylate or other 
biocompatible gel . 

95. A biosensor as claimed in any one of claims 86 to 
30 94 in which the ionophore'is capable of transporting an 

ion that is produced by the reaction of an enzyme with 
its substrate, said enzyme being either covalently or 
non-covalent ly attached to the hydrogel. 

96. An electrode membrane combination comprising an 
35 electrode and an ionically insulating monolayer 

membrane, the membrane comprising a closely packed array 
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of amphophilic molecules and a plurality C f ioriophcres 
dispersed therein, said amphiphilic molecules 'comprising 
within the same molecule a hydrophobic region, an 
attachment region attached to the electrode, a 
5 hydrophilic region intermediate said hydrophobic and 

attachment regions, the space formed by said hydrophilic 
region between the electrode and the membrane being 
sufficient to allow the flux of ions through the 
ionophores, and a head group attached to the hydrophobic 
portion of the molecule at a site remote from the 
hydrophilic region. 

97. An electrode membrane combination as claimed in 
claim S£ in which the monolayer membrane molecule *-.is a 
hydrophobic region that consists of oligomers of long 

15 chain amino acids, where the amino acids are linked via 
amide linkages that :ra substituted at the nitrogen with 
hydrocarbon alkane groups. 

98. An electrode membrane combinr 1 - •" • -is cla ; ^«d ; - •• 
claim 9 7 in which the structure of the amino acids is 
such that the amino group is separated from the acid 
group by an alkane chain of between 6-20 carbons loner, 
and th?.t th- iiikans chains attached to the nitrogen are 
betwean 10-20 carbon atoms lona. 

99. An electrode membrane combination as claimed in 
claim 9 6 in which the alkane groups are phytanyl or 
similar substituted alkane groups. 

100. An electrode membrane combination as claimed in 
claim 9 5 in which the membrane consists of a monolayer 
membrane molecule where the hydrophobic region consists 
in a tertiary, trialkyl amine that is f unctionalised at 
two of the alkyl chains such that the tertiary amine is 
attached to a monoalkylsubstituted glycerol, monoalkyl 
substituted glutamic acid to form dialkyl lipids. 

101. An electrode membrane combination as claimed in 
claim 95 in which the membrane consists in a monolayer 
membrane where the hydrophobic region consists in a 
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tetra alkylated pentaerythritol derivative where two of 
the alkyl chains are f unctionalised so as to allow 
attachment to monoalkyl substituted glycerol or glutami 
acid. 

5 102. An electrode membrane combination as claimed in 
any one of claims 96 to 101 in which the ionophore is 
capable of transporting an ion that is produced by the 
reaction of an enzyme with its substrate, said enzyme 
being either covalently or non-covalently attached to 
10 the membrane surface. 

V 103. An electrode membrane combination as claimed in 
claim 102 in which the ..enzyme, is a urease . 

104. A r.embrano including the linker lipid :is cl?.l.-?.od 
in any one of claims 1 to 32 and/or the synthetic lipid 

15 as claimed in any one of claims 33 to 44. 

105. A ms.Tibran.-D electrode combination produced by the 
method as claimed in any one of claims 45 



WO 94/07593 



PCT/AL 93/00509 



1/10 



<*> (X) 



(T) 



RZS2RVOIR— — O- 



"O HEADGROUP 



FIGURE 1 



WO 94/07593 



PCT/Al : 93/00509 



2/10 



rO 



HO-* 




OH 



on 



-o 
-o 



FIGUR2 3 



o- 
o- 



S33n 



V 



O L J '7 



FIGURE 4 



I 

i 



ct mc 



PCTMU93/00509 



WO 94/07593 



3/10 



-O 

-o 




SSBn 



Biotxn 



NH 



5 



WO 94/07593 



PCT/AU93/00509 



4/10 



FIGURE 6 



1e+008 



3* 

o 

CO 

o 
a. 

E 



1e+007 



1000000 ' 




100000 



10000 



0.1 





\ 

\ \ 
fx 

. ! \, 


i 

i 
i 


F 9' 

1 1 » f ' > T l_ 


ycerol monoi 

mon' 

1 1 ! 


5-1 1 -eicoser 

: — ! 


oinvv 



10 



100 



1000 



Frequency (Hz) 



CTTDcrnrrrrc curcr rD.*i* 



WO 94/07593 



PCT/AU93/00 



5/10 



riCURJt 7 



J 3 O 3 O 1 J 3 O 



FICURJ5 8 



WO 94/07593 



PCT/AL'93/00509 



6/10 




SUBSTITUTE SHEET (Rule 26) 



WO 94/07593 



PCi/AL'93/00509 



8/10 




(SLUI|0) 90UBpadUJ| (SUUqO) SOUBpSduJI 



-\VO 94/07593 



9/tO 



PCT/AU93/W509 




SUBSTITUTE SHEET (Rule 25) 



INTERNATIONAL SEARCH REPORT 



International application f,| 0 
PCT/AU 93/00509 



Sr. CLASSIF, CATION OF SUBJECT NUTTER 

Acco^ to lntcrnjli onU CUMificalioo (IpQ 0f ^ ^ clusific4tion ^ lpc 

B - FIELDS SEARCHED 




Category* 



p;x,y 

A 



Y 
A 



rSe^h^sttt^ 1 ^ m ^ 13rane and biotechnology 

*vtu>tAKt_H IiNSui UTfi) 2 November 1992 (02 1 1 92) 
Examples * " 7 

Whole doc urgent 

LtS n 2 ? 5 / 9 !i 6 w° 17) (YEDA "SEARCH AND DEVELOPMENT CO 
LTD.) II July 1991 (1 1.07.91) * 

Whole document 




Further documer.D are listed 
in the continuation of Box C. 



45.62 
1-105 



45,62 
1-105 



Sec patent family annex. 



Special categories of cited documents : 



•o- 



dc<umcnt definine the ecncral state of the art which is 

aocurncm which may throw doubts on orioritv c ii; m M 

another citation or other special reason (as soecifi~n 

exhibition or other means ' 

bSi hS^M^^ p ^" or i° ^^ernauonal filing date 
out utcr than the priority date claimed 



"X" 



D*tc of the actual completion of the international search 
21 December 1993 (21.12.93) 



with one oTSn^ ^K document u combined 
document member of the „ m patent family 



Name ud mailing addrcw of the ISA/AU 

to bojc^m" ,NDUSTOal property organisation 

ACT 2606 
AUSTRALIA 

Facsimile No. (06) 2853929 



Date of mailing of the international ,«rch report 
Authorized officer 




Telephone No. (06) 2S32075 



Form PCT/ISA/210 (continuation of first shec: (2)) (July 1992) cop! jm 



